Meniscal tears are attributed to either trauma or degeneration processes. Clinical data suggest that meniscal degeneration (MD) is associated with knee osteoarthritis; however, the molecular events underpinning the pathogenesis of MD in humans remain elusive. Here we immunohistochemically examined the expression of p38 MAPK, its phosphorylated/activated form (p-p38), its target NF-κB (p50-p65 dimer), and COX-2 in ruptured menisci and investigated their involvement in MD development. Our findings demonstrate increased expression of the p38-NF-κB axis elements and COX-2 in disintegrated fibrocartilage, suggesting a role of these molecules in the pathobiochemistry of MD and consequential rupture.
INTRODUCTION
Menisci are wedge-shaped semilunar structures that lie on the superior tibial surface, improving its congruency with the femoral condyles. They are composed of fibrocartilaginous tissue that contains primarily water (72%), collagen (22%), and glycosaminoglycans (0.8%) (1) . Collagen type I accounts for 90% of the total meniscal collagen, whereas types II, III, and IV are present only in small quantities (2) . Meniscus occupies primarily two cell types: fibroblast-like cells at the periphery and chondrocytelike cells at the middle and inner part. The latter, which are called fibrochondrocytes, are the hallmark of meniscal cytology (3) .
Because of their multiple functions and central anatomic position, menisci are exposed to a complex and diverse array of mechanical stresses leading to injury and tears. Menisci can fail because of biomechanical and biochemical cues (4, 5) . The latter situation is frequently attributed to the presence of osteoarthritis (OA) of the knee (6, 7) .
Experimental evidence suggests the involvement of the p38 mitogen-activated protein kinase (MAPK) signal transduction pathway in the pathogenesis of numerous stress and inflammatory conditions including chronic joint inflammation (8, 9) . The p38 family comprises four distinct isoforms (α, β, γ, and δ), all of which are serine-threonine protein kinases that share the conserved Thr-GlyTyr (TGY) phosphorylation motif within their activation loop (10) . The p38α isoform is the best characterized and is functional in many cell types including chondrocytes and synovial cells (11, 12) . Hormones, G protein-coupled receptors, and inflammatory mediators can trigger the p38 cascades (11) . The phosphorylated, hence activated, form of p38, p-p38, regulates the activity of several factors including nuclear factor (NF)-κB (13, 14) .
NF-κB is a collective name for dimeric transcriptional modulators comprising the Rel family of proteins that include RelA (p65), c-Rel, RelB, NF-κB1 (p50), and NF-κB2 (p52). The most abundant form in stimulated cells is the NF-κB1-RelA (p50-p65) heterodimer (often called a "classic" NF-κB) that interacts with the consensus DNA motif 5′-GGGRNNYYCC-3′ (15) . In quiescent cells, NF-κB resides in the cytoplasm in a latent form and must translocate to the nucleus to function. NF-κB is induced by a plethora of stimuli (antigens, viruses, bacteria, inflammatory cytokines, phorbol esters) leading to transcriptional activation of diverse sets of genes engaged in immune, inflammatory, and cell proliferation responses (16) . The function of NF-κB is regulated to a large extent by a family of proteins named inhibitors of NF-κB (IκBs). In the cytoplasm of quiescent cells, IκBs are bound to NF-κB, ensuring its inactive state. Activation of the NF-κB pathway triggers a cascade of events that lead to stimulation of the IκB kinases, which finally phosphorylate IκBs. Notably, p38 MAPK is one of the kinases implicated in IκB phosphorylation (14) . Once phosphorylated, IκBs undergo poly-ubiquitination and ultimately proteosomic degradation, allowing NF-κB to enter the nucleus and promote the transcription of inflammatory genes, e.g., TNF-α, IL-1β, IL-6, IL-8, COX (17) .
The two isoforms of COX (cyclooxygenase), COX-1 and COX-2, are membranebound proteins that share homology at the 60% level and catalyze the rate-limiting step in the conversion of arachidonic acid to prostaglandins (PGs) and thromboxane A 2 (18) . Within the cell, both enzymes are associated with endoplasmic reticulum and nuclear envelope (19) . COX-1 is expressed constitutively in most tissues and appears to regulate the production of PGs that control physiological functions (18) . In contrast, COX-2 is expressed in minute amounts in most normal tissues; however, its expression is rapidly elevated in response to inflammatory and mitogenic stimuli (20) .
In articular cartilage, conditions such as trauma, inflammation, and mechanical compression can induce the expression of COX-2 and PGE 2 , two of the major osteoarthritis pathogens (21) . The involvement of COX-2 and its upstream effectors NF-κB and p38 MAPK has been studied extensively in diseases of synovium and hyaline cartilage such as chronic synovitis, rheumatoid arthritis, and OA (2, 9) . Nevertheless, the expression and function of these factors in the meniscal fibrocartilage and their participation in the pathogenesis of meniscal lesions have not been thoroughly investigated.
We undertook this study to explore and immunohistochemically characterize the expression and/or activation profile of the p38 MAPK-NF-κB signaling pathway constituents and COX-2 in the fibrochondrocytes of human torn menisci. Furthermore, we correlated the expression levels of the examined proteins with pathologic and clinical parameters, such as the presence of fibrocartilaginous degeneration and the coexistence of clinically identified OA.
MATERIALS AND METHODS

Patients
We used 57 human menisci obtained from patients treated at the KAT Hospital of Athens, Greece. Informed consent was obtained in all cases. The study protocol was approved by the Ethics Committee of the KAT Hospital of Athens. Among the patients 43 (75.4%) were male and 14 (24.6%) female. Their mean age was 32.6 years (SD 11.19, range 17-60). The mean duration of knee pain before the surgery was 17.36 months (SD 24.15 months, range 1-120 months). The medial meniscus was ruptured in 43 patients (75.4%) and the lateral in 14 (24.6%). Synchronous anterior cruciate ligament (ACL) failure was observed in 11 cases (19.3%). In 39 of the patients (68.4%), meniscal tearing was attributed to trauma and in 18 (31.6%) to a background of clinically diagnosed OA. The histopathologic identification of meniscal degeneration (MD) was based on established microscopy criteria (6, 22) . More specifically, the presence of inflammation, calcification, increased cellularity, and meniscal cell clustering, development of myxoid changes, and existence of stimulated perimeniscal layer composed of activated synovial cells were evaluated. MD was observed in 34 (59.4%) of the examined menisci.
Immunohistochemistry
The classic biotin-streptavidin-peroxidase assay was performed on 4-μm-thick, formalin-fixed, paraffin-embedded sections, as described (23) . The following commercially available antibodies were employed (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA): anti-p38 (polyclonal, sc-7149; dilution 1:70), anti-p-p38 (activated form of p38) (monoclonal, sc-7972; dilution 1:100), anti-NF-κB p50 (polyclonal, sc-114; dilution 1:100), anti-NF-κB p65 (polyclonal, sc-109; dilution 1:100), and anti-COX-2 (polyclonal, sc-1746; dilution 1:70).
Stain intensity and proportion of immunopositive meniscal fibrochondrocytes was assessed by light microscopy and evaluated independently by two investigators (D.J.P. and A.G.P.). Because fibrocartilage is a relatively acellular tissue, a minimum of about 300 meniscal cells were evaluated in each specimen. Immunohistochemical staining was graded on a scale of 0 to 3 (0, no immunoreactivity; 1, mild immunoreactivity, 1%-33% positive cells; 2, moderate immunoreactivity, 33%-66% positive cells; 3, strong immunoreactivity, 67%-100% positive cells) (24) .
Statistical Analysis
Mann-Whitney tests were used to compare nonparametric variable scores between the patients with and without MD and OA. The strength of association between categorical variables was assessed by Kendall's τ test. For some correlations, protein expression levels were recoded from the four level (0-3) into a two-level scale (low/high expression). All statistical analyses were performed using SPSS for Windows (version 13.0, SPSS Inc., Chicago, IL, USA).
RESULTS
Clinical Correlations
Statistical analysis revealed significant correlation between the age of the patients and the presence of MD (Kendall's τ -0.384, P = 0.0001). MD was observed in 28 of 34 (~82%) patients older than 25 years and only 6 of 34 (~18%) patients 25 or younger. In addition, patients' age was strongly associated with clinical OA (Kendall's τ 0.295, P = 0.008). Indeed, among the 18 patients who had clinically diagnosed OA, 15 (~84%) were older than 25 years and only 3 (~16%) were 25 or younger. Another interesting clinical finding was that the duration of the pa-tient's symptoms before the arthroscopy exhibited substantial association with the development of knee OA (Kendall's τ 0.379, P = 0.001). Not surprisingly, the identification of MD was robustly correlated with the presence of clinical OA (Kendall's τ 0.405, P = 0.002).
All the other clinical variables did not display any significant correlations at the level of P < 0.05.
Expression and Activation Profile of the p38 MAPK Signaling Pathway Elements
p38 was expressed in 47 of 57 (82.5%) torn menisci examined. Its localization was both cytoplasmic and nuclear (Figure 1A, B) . Its expression levels were significantly higher in degenerated compared with nondegenerated menisci (Mann-Whitney test, P = 0.001). More specifically, 53.0% of the disrupted menisci displayed high (2 or 3) p38 immunoexpression. By contrast, only one of the 23 (4.3%) nondisrupted menisci showed enhanced p38 immunopositivity (Table 1 ). In line with this finding, menisci from patients with preexisting knee OA showed significantly increased p38 expression levels compared with those without OA (Mann-Whitney test, P = 0.001). In fact, 66.7% of the OA and 15.4% of the non-OA menisci revealed enhanced p38 immunoreactivity ( Table 1) .
The immunohistochemical profile of the phosphorylated, hence activated, form of p38, p-p38, was both nuclear and cytoplasmic, albeit primarily nuclear ( Figure 1C, D) . In concert with its quiescent species, p-p38 expression was considerably elevated in degenerated compared with nondegenerated and in OA compared with non-OA ruptured menisci (Mann-Whitney test, P < 0.001). Phosphorylated p38 displayed positive immunostaining in the vast majority of the cases (98.2%). Augmented p-p38 expression levels were observed in 70.6% of the degenerative but only in 26.1% of the nondegenerated menisci (Table 1) . OA fibrocartilage displayed increased p-p38 reactivity in 72.28% of the cases.
Menisci from patients lacking OA revealed p-p38 immunopositivity in 43.6% of the cases ( Table 1 ). The cellular levels of p-p38 and p38 were positively and significantly correlated to each other (Kendall's τ = 0.574, P = 0.0001).
The downstream effectors of p38, NF-κB subunits p50 and p65, were expressed in 91.2% and 98.2% of the assessed menisci, respectively. Their immunolocalization was both cytoplasmic and nuclear (Figure 2A-D) . High p50 expression was detected in 76.5% of the degenerated and 83.3% of the OA menisci (Table 2) . Its binding partner, p65, exhibited high protein expression in 83.3% of the OA and 64.1% of the non-OA patients ( Table 2 ). The cellular levels of NF-κB species were significantly higher in degenerated and OA fibrocartilage (Mann-Whitney test, P = 0.001). Additionally, p50 and p65 expression levels were positively and significantly correlated to each other (Kendall's τ = 0.850, P < 0.0001) and to the cellular levels of p38 and p-p38 (Kendall's τ = 0.295 to 0.519, P = 0.0001 to 0.027). Normal fibrochondrocytes did not reveal immunoreactivity for any of the aforementioned proteins ( Figure 3D ).
Expression of COX-2
COX-2 immunoreactivity was observed in 96% of the examined menisci and was both nuclear and cytoplasmic ( Figure 3A, B) . Increased COX-2 expression levels were detected in 61.8% of the degenerated and in only one case (4.3%) of histologically blunt menisci. Normal fibrochondrocytes did not display COX-2 immunoreactivity ( Figure 3C ). Augmented COX-2 expression levels were identified in 77.8% of the OA but only in 20.5% of the non-OA knee joints (Table 3) . There were significant differences in the expression levels of COX-2 between degenerated and nondegenerated fibrocartilage, as well as between OA and non-OA joints (Mann-Whitney test, P = 0.001 for both). Moreover, statistical analysis revealed significant and positive correlation between COX-2 and its upstream modulators, p38 and NF-κB (Kendall's τ = 0.645 to 0.688, P = 0.002 to 0.0001).
DISCUSSION
Meniscal rupture is one of the most common conditions in orthopedic surgery. It is presumed to be associated with traumatic events as well as with fibrocartilaginous degeneration processes (6) . During the past decades, the pivotal and comprehensive role of meniscus in knee biomechanics has been established (25) . Injury or removal of menisci generates knee instability, articular cartilage destruction, and eventually OA (26) . Notably, a strong association between cartilage lesions and meniscal disintegration/rupture has been documented (7) . Nonetheless, the molecular mechanisms that underlie these clinical events have not been studied extensively.
In the present study, we observed a significant correlation between the patients' age and MD development. This could be attributed to multiple genetic and mechanical factors. Experiments in rabbits have shown that mature menisci have increased mRNA quotient of factors engaged in cartilage degradation (matrix metalloproteinase-1 [MMP-1], MMP-3, aggrecanase, COX-2) (5,27). In addition, animal studies have demonstrated significant upregulation of the pro-apoptotic genes caspase-8, Fas, and Fas-ligand in aged meniscus, indicating a role of programmed cell death in the age-related MD (28) . Several reports support the notion that knee joint functions as an "organ"; hence, humoral mediators targeting one of its parts are expected to target other components of the joint as well. In accordance with this hypothesis, in the present study we observed that disintegrated menisci exhibited a significant association with the presence of knee OA. Not surprisingly, OA was significantly more common in older than in younger individuals. This is in agreement with data from a recent MRI study, which revealed that tear development is strongly associated with knee OA, especially in older women (7) . A possible explanation could be that age-related reduction of physical activity and increased static loading induce depletion of proteoglycans and damage the colla- Data are n (%).
gen network, resulting in impairment of cartilage synthesis and ultimately joint damage. Moreover, the process of ageing facilitates the expression of matrix degradation and apoptosis-related genes that arbitrate OA (28, 29) . The three mammalian MAPKs (Jun N-terminal kinase [JNK], extracellular signal-regulated kinase [ERK], p38) are well-conserved serine/threonine kinases that convert extracellular stimuli into specific cellular responses. They are connected to vital cell processes such as development, differentiation, proliferation, and apoptosis (30, 31) . The p38 MAPK signaling pathway is also strongly involved in the regulation of inflammatory responses. A variety of physical and chemical cues (oxidative stress, hypoxia, UV light, cytokines) activate the MAPK kinase kinases (MAPKKKs), which in turn phosphorylate/potentiate the MEK3 and MEK6 kinases. Activated MEK3/6 (along with MEK4 and the non-MAPK, TAB1) targets the TGY phosphorylation motif of p38 vertebrate isoforms (α, β, γ, δ) (11, 12) . In joints, p38 MAPK cascade is potentiated by divergent autocrine, paracrine, and endocrine factors, which induce synovium and/or cartilage damage leading to synovitis, rheumatoid arthritis, and OA. In an effort to investigate the role of this pathway in the pathogenesis of MD, we studied immunohistochemically the expression and/or activation profile of p38 MAPK and its targets, NF-κB p50/NF-κB p65 in tears from degenerated and nondegenerated human menisci.
Several clinical and experimental studies have documented that NF-κB is upregulated in a plethora of inflammatory diseases, namely rheumatoid arthritis, asthma, inflammatory bowel disease, and OA (32) . In concert with these reports, we observed overexpression of NF-κB and p38 species in the majority of degenerated but only in a small fraction of nondegenerated menisci. Normal fibrocartilage was void of these immunoreactivities under the conditions employed. Furthermore, our study revealed that the expression levels of these proteins were substantially higher in MD compared with non-MD samples. These data imply that the p38-NF-κB signaling cascade may participate in MD development in humans. Interestingly, the cellular levels of the examined proteins were significantly increased in the menisci of patients suffering from OA, in comparison with menisci from non-OA patients. Because the detection of MD was strongly connected to the presence of OA, one can postulate that the p38-NF-κB axis may also be implicated in the progression of OA to MD and eventually to meniscus rupture.
Notably, the expression and/or activation status of the constituents of the p38-NF-κB axis were found to be strongly and positively associated to each other. Moreover, in our study the NF-κB family members, p50 and p65, were shown to be coimmunolocalized in the analogous cellular compartments of menisci. Their expression levels displayed robust correlation to each other and were considerably augmented in patients with MD and OA. The parallel upregulation of p50 and p65 species indicates that these proteins most likely serve as the functional NF-κB complex linked to MD pathophysiology. Interestingly, the tested proteins exhibited both nuclear and cytoplasmic immunolocalization, indicating that the p38-NF-κB cascade is possibly implicated in the pathology of MD in a coordinated fashion. Indeed, under the impact of inflammatory stimuli, activated p38 MAPK either translocates to the nucleus or endorses the release of NF-κB, which also enters the nucleus to modulate gene transcription.
COX-2 regulates PG and thromboxane production in inflammatory diseases. Several lines of evidence pinpoint the critical role of COX-2 in the pathogenesis of human OA (33, 34) . Specifically, experiments on human articular cartilage and meniscus have demonstrated that COX-2 modulates cartilage proteoglycan degradation resulting in OA and MD (5, 34) . Following IL-β stimulation, the investigators observed enhanced COX-2 immunoexpression in the fibrochondrocytes of human degraded menisci. In agreement with these data, our study revealed enhanced COX-2 expression in the majority of torn menisci, whereas normal chondrocyte-like cells were immunonegative. Furthermore, the expression levels of this factor were significantly higher in degenerated compared with nondegenerated menisci and in OA compared with non-OA knees. These findings highlight the possibility that COX-2 might be involved in the pathobiochemistry of MD. Even though the paramount importance of COX-2 in knee inflammation has been well recognized, little is known about the precise signaling networks that control its expression. From a historical perspective, Gram-negative bacterial polysaccharides are the first reported COX-2 activators (35). However, nowadays it is clear that COX-2 is induced by a broad spectrum of pro-inflammatory mediators. Sequence analysis of the human COX-2 gene promoter has uncovered two cAMP-response elements (CREs), a sterol-response element (SRE), two activator protein-1 (AP-1) binding sites, and two NF-κB binding sites (19) . With regard to transcriptional regulation, in vitro experiments have documented COX-2 upregulation in response to several signaling networks, including JNK/p38 and NF-κB (19, 20) . Mechanical strain and UV irradiation are also implicated in COX-2 activation (20, 33) . In symphony with these data, we found that COX-2 immunolocalization parallels that of its upstream effectors, p38 and NF-κB. Further statistical analysis revealed that the expression levels of the aforementioned proteins were significantly associated with each other. These results suggest that two distinct transcription effectors, p38 MAPK and NF-κB, might be involved in the pathobiochemistry of MD, either synergistically as constituents of the same signaling cascade or separately via upregulation of COX-2 gene. Additional biochemical studies are necessary to substantiate this hypothesis.
Collectively, the present study introduces a model concerning the molecular pathogenesis of meniscal degeneration and consequential rupture. More specifically, the combination of age and OA that leads to reduced mobility and increased static load on the knee joint might result in potentiation of the p38-NF-κB signaling cascade and the stimulation of its downstream effector, COX-2. Alternatively, p38 may independently or through a NF-κB-independent pathway regulate COX-2 expression. These molecular events could eventually augment fibrocartilage disintegration, resulting in meniscal tears.
